The selective modulation of transcription exerted by steroids depends upon recognition of signalling molecules by properly folded cytoplasmic receptors and their subsequent translocation into the nucleus. These events require a sequential and dynamic series of protein-protein interactions in order to fashion receptors that bind stably to steroids. Central to receptor maturation, therefore, are several molecular chaperones and their accessory proteins; Hsp70, Hsp40, and hip modulate the 3-dimensional conformation of steroid receptors, permitting reaction via hop with Hsp90, arguably the central protein in the process. Binding to Hsp90 leads to dissociation of some proteins from the receptor complex while others are recruited. Notably, p23 stabilizes receptors in a steroid binding state, and the immunophilins, principally CyP40 and Hsp56, arrive late in receptor complex assembly. In this review, the functions of molecular chaperones during steroid receptor maturation are explored, leading to a general mechanistic model indicative of chaperone cooperation in protein folding.
INTRODUCTION
Molecular chaperones, many of which are heat shock proteins (Hsps), have several functions. They bind noncovalently to nascent and denaturing polypeptides, acting alone or in concert with other factors to promote protein folding, trafficking, multimer assembly, and signal transduction (Bukau et al 1996; Hartl 1996; Freeman et al 1996; Frydman and Hö hfeld 1997; Liang and MacRae 1997; Chang et al 1997; Rassow et al 1997; Eggers et al 1997; Toft 1998; Bukau and Horwich 1998; Wang et al 1998; Kosano et al 1998; Xu et al 1999; Caplan 1999; Buchner 1999) . Additionally, molecular chaperones are needed for maturation of steroid receptors, proteins that interact with steroid hormones and relay the information in these signaling molecules to the cell through transcriptional regulation of gene expression. Maturation requires the organization of molecular chaperones and associated proteins into multimeric complexes, often called heterocomplexes, that potentiate receptor interaction with steroids (Smith et al 1990; Pratt and Welsh 1994; Rutherford and Zuker 1994; Chen et al 1996; Dittmar et al 1998; Kosano et al 1998) . These proteins (Table 1 ) may either engage receptors singly or as multimers; there is a dynamic exchange of factors within complexes and they often act cooperatively, although not all are critical to maturation nor is the action of each protein known (Chen et al 1996; Dittmar et al 1998; Kosano et al 1998) . Maturation of steroid receptors, therefore, provides an interesting opportunity for functional analysis of molecular chaperones. Recent advances in our understanding of steroid receptor maturation will be considered, relating where possible the characteristics of individual molecular chaperones and associated proteins with their time of entry into heterocomplexes. A model of receptor maturation is developed, and it is undoubtedly representative of chaperone cooperativity that occurs during folding of many proteins. 
Hsp90 is the central protein of the steroid receptor maturation pathway
The synthesis of Hsp90, recently proposed to influence the evolution of evolvability (Wagner et al 1999; Rutherford and Lindquist 1998) , is either induced by stress or it is produced constitutively in physiologically normal cells. Hsp90 is an ATP-dependent molecular chaperone, although it can function without nucleotide (Panaretou et al 1998; Obermann et al 1998; Prodromou et al 1999 , Grenert et al 1999 , and it inhibits heat shock gene expression in Xenopus (Ali et al 1998) , humans (Zou et al 1998) and yeast (Duina et al 1998) through interaction with the heat shock transcription factor, HSF1. This regulatory mechanism may also occur by way of Hsp70 (Ding et al 1998; Stephanou et al 1999; Schett et al 1999) , and in yeast it involves Cpr7 (Duina et al 1998) , a CyP-40-type immunophilin described in more detail later in this review. High resolution electron microscopic analysis of antibody-labeled specimens suggests that Hsp90 exists as a homodimer, formed by antiparallel linkage of monomers at their carboxy-terminal regions (Maruya et al 1999) . Correspondingly, obstructing chicken Hsp90 dimerization by removing the carboxy-terminal amino acid residues 661-667 reduces its interaction with several accessory proteins , a result that demonstrates the functional importance of dimerization. As determined by 2-hybrid screening and deletion mutagenesis, the dimerization region of mouse Hsp90 houses a TPR recognition domain (Carrello et al 1999) which recognizes degenerate consensus sequences of 34 amino acid residues, termed TPR sequences, found in accessory proteins. Specifically, CyP40, FKBP52 and hop bind competitively with a domain consisting of the carboxy-terminal 124 amino acid residues of murine Hsp90. Of this sequence, 4 residues at the extreme carboxy-terminus, EEVD, are essential to function of the TPR recognition domain. This may reflect a regulatory role for the EEVD motif.
Hsp90 maintains client proteins in a folding competent condition in vitro without assistance from other chaperones (Freeman et al 1996; Bose et al 1996) . In vivo, however, Hsp90 forms chaperone ''machines,'' protein complexes that interact with immature polypeptides, thereby promoting steroid receptor maturation and facilitating intracellular signal transduction (Freeman et al 1996; Fang et al 1996; Bose et al 1996; Grenert et al 1997; Scheibel et al 1998; Bohen 1998; Young et al 1998; Caamañ o et al 1998; Grenert et al 1999) . In support of these ideas, reduced amounts of Hsp90 in yeast decrease glucocorticoid receptor activity (Picard et al 1990) . Moreover, Hsp90 immunoadsorbed from cell-free extracts readily folds glucocorticoid receptors into a steroid reactive state but when the Hsp90 is washed with a salt-containing buffer, glucocorticoid receptor binding is lost (Scherrer et al 1992) , suggesting the involvement of additional proteins in maturation. As is expected for a protein that interacts with other proteins, Hsp90 has multiple functional domains, some of which overlap. Among those identified are the dimerization region, a steroid receptor binding area, a carboxy-terminal tetratricopeptide repeat (TPR) recognition domain enriched in acidic residues, a p23 reaction site, and an amino-terminal ATP binding motif containing several glycines (Fig 1) (Grenert et al 1997; Kosano et al 1998; Prodromou et al 1999, 1997; Maruya et al 1999; Russell et al 1999a; Grenert et al 1999) . The chaperone activity of Hsp90 is mediated by regions located in the N-(ATP dependent) and C-terminal regions and ATP-coupled Hsp90 may serve as a negative regulator of steroid receptor maturation because ATP/Hsp90 has low affinity for target proteins (Scheibel et al 1998) . The role of the ATP-binding domain has been clarified using the antibiotics geldanamycin and radicicol, both of which interfere with Hsp90 function by interaction with the ATP-reactive site (Grenert et al 1997; Schulte et al 1999; Soga et al 1999) .
Hsp90 recognizes steroid receptors at a region in its carboxy terminus (Shaknovich et al 1992; Leclerc et al 1998; Jibard et al 1999) , 1 of 2 chaperone sites in the protein linked by a charged sequence that may modulate protein folding (Scheibel et al 1998 (Scheibel et al , 1999 . In turn, the steroid receptor binds with Hsp90 through a sequence of approximately 86 amino acid residues in its highly conserved hormone-binding domain. Within this area of the rat glucocorticoid receptor, Pro643 is necessary for effective coupling to occur (Caamañ o et al 1998) . Amino acid residues 547-553 of the rat glucocorticoid receptor, comprising the sequence TPTLVSL at the amino terminus of the hormone binding domain, are required for association with Hsp90 and steroid (Xu et al 1998) . This observation prompted the notion that reaction of Hsp90 with TPTLVSL structurally modifies the hormone-binding domain of the receptor, allowing hydrophobic residues therein to be recognized by similar residues in Hsp90. The proposal is interesting because it implies that Hsp90 detects a discrete sequence within a target protein. In the more generally held view, Hsp90 recognizes exposed hydrophobic regions in partially folded polypeptides, without a requirement for specific amino acid residues. Perhaps the need for a defined sequence to initiate Hsp90·target binding is restricted to steroid hormone receptors. Additionally, Hsp90 may be required for maturation because steroid receptors are unstable, obligatorily changing conformation as they operate within the cell . In this view, Hsp90 maintains receptors in a structurally ephemeral state, suitable for the sequential series of reactions they undergo during maturation.
Hsp70 and its cochaperone Hsp40 function early in steroid receptor maturation
Immunoadsorption with an antibody specific to Hsp90 may yield Hsp70 (Scherrer et al 1992) and the interaction of Hsp90 with steroid receptors is inhibited by anti-Hsp70 antibodies , suggesting that these proteins are functionally linked. Other reports indicate that Hsp70 binds steroid receptors prior to Hsp90 Prapapanich et al 1996a; Kosano et al 1998) , showing the importance of the former early in receptor maturation. In some models, Hsp70 is the first chaperone to bind receptors, and it dissociates from the complex prior to, or concurrent with, hormone arrival (Smith 1993; Prapapanich et al 1996a Prapapanich et al , 1998 , although it has been proposed that the amount of Hsp70 in the mature receptor complex varies with the experimental system under study . Whatever the details, a preliminary role for Hsp70 in receptor maturation is clear and this agrees with its mechanism of action as a molecular chaperone (Fig 2) (Kimura et al 1995; Rassow et al 1997; James et al 1997; Demand et al 1998; Pierpaoli et al 1998; Lu and Cyr 1998a; Kelley 1998; Green et al 1998; Pfund et al 1998; Bukau and Horwich 1998; Wang et al 1998; Johnson and McKay 1999; Morshauser et al 1999) . That is, members of the Hsp70 family bind nascent proteins in an ATP-dependent process, maintaining them in a folding competent form. For this to occur, Hsp70 engages ATP at its amino-terminus. Hsp70 then recognizes hydrophobic segments of unfolded polypeptides by way of an 18 kDa fragment on the carboxy side of the ATP binding region in a reaction that is partly stabilized by the 10 kDa carboxy-terminal domain of Hsp70 and the bound peptide. Hydrophobic interactions may be promoted by ionic linkages occurring as a consequence of conserved clusters of charged amino acid resi- dues in Hsp70-type chaperones (Karlin and Brocchieri 1998) . In conjunction with ATP hydrolysis, Hsp70 undergoes a conformational change; the substrate protein is released and folded upon exchange of ADP for ATP. Nucleotide hydrolysis by Hsp70, and thus protein folding, are modulated through binding of both client protein and Hsp40, the latter equivalent to DnaJ from bacteria (LopezBuesa et al 1998; Misselwitz et al 1998; Russell et al 1999b; Davis et al 1999; Laufen et al 1999; Mayer et al 1999; King et al 1999) .
Hsp90, Hsp70, Hsp40, and other proteins associate with steroid receptors prior to their maturation . To examine the role of Hsp40 in intermediate complexes, mutant yeast were constructed wherein a highly conserved carboxy-terminal glycine at position 315 in Ydj1 (yeast equivalent of Hsp40) was changed to aspartic acid (Kimura et al 1995) . Glucocorticoid receptor activity in these strains, as measured by expression of a lacZ reporter gene, increased about 200-fold in the absence of hormone, and binding of mutated Ydj1 to glucocorticoid receptor complexes decreased. Because the Ydj1 mutant phenotype is specific for Hsp90 substrates, and similar effects occur when Hsp90 is prevented from interacting with steroid receptors, the results suggest that Ydj1 is required for Hsp90 association with receptors. However, using a rapid recovery chromatographic procedure, only a small amount of histidine tagged Hsp90 and Ydj1 was shown to coexist in a stable complex (Kimura et al 1995) . Therefore, Ydj1 may bind glucocorticoid receptors rather than Hsp90, and this may be essential for their function. If structural conformation is only partially established when receptors first combine with chaperones, the carboxyl domain of Ydj1 could assist in recognition of unfolded receptors Cyr 1998a, 1998b) . In this context it has been proposed that Ydj1 supports luciferase folding by Ssa1, a yeast homologue of Hsp70, better than the analogous protein Sis1 because Ydj1 has a zinc finger domain that is lacking in Sis1 (Lu and Cyr 1998b) . In contrast, Nagata et al 1998, failed to demonstrate coupling of either Hdj-1p or Hdj-2p, mammalian cytosolic homologues of Hsp40, to nascent polypeptides. Their findings agreed with those of Eggers et al 1997.
These contradictory conclusions are difficult to reconcile, but could have arisen either through employment of different experimental techniques, functional heterogeneity within the Hsp40 family, or because glucocorticoid receptor maturation is not generally representative of other Hsp40-dependent chaperone processes. As a final mechanistic consideration, the interaction of Hdj-1p with Hsp70 is transient and it forms unstable complexes with target proteins (Nagata et al 1998) . This reinforces models of maturation wherein Hsp40 activates Hsp70 ATPase, perhaps influencing substrate specificity at the same time (Misselwitz et al 1998; Russell et al 1999b; Laufen et al 1999; Mayer et al 1999) , and then it is lost from chaperone complexes when the latter departs.
Hip and hop, transient cochaperones in receptor maturation
Hsp70 binds an accessory protein termed hip (Hsc70-interacting protein) (Smith 1993) which has an ATP independent chaperone activity able to discern nonnative proteins and curtail their aggregation in vitro (Hö hfeld et al 1995) . Hip has a molecular mass of approximately 42 kDa, although migration in SDS polyacrylamide gels produces a value closer to 48 kDa, a property attributed to amino acid residues 50-100 in human hip (Prapapanich et al 1996a) . This protein is widely distributed in mammalian tissues, as demonstrated by western and northern blotting, but search of the Saccharomyces cerevisiae data base failed to disclose a hip homologue (Hö hfeld et al 1995; Frydman and Hö hfeld 1997; Prapapanich et al 1996a Prapapanich et al , 1998 . Either hip is inessential in yeast or its role is performed by a dissimilar protein. Cloning and sequencing revealed a homo-oligomerization domain at the extreme amino terminus of hip, multiple imperfect tandem repeats of a GGMP consensus sequence perhaps recognized by the peptide binding site of Hsp70, and a duplicated DPEV motif at its carboxy terminus. Three consecutive TPR repeats are positioned at the amino terminus of hip and they interact with Hsp70, although the association of these 2 proteins is primarily dependent on the adjacent positively charged ␣-helix that follows the repeats (Hö hfeld et al 1995; Frydman and Hö feld 1997; Irmer and Hö hfeld 1997; Prapapanich et al 1996a Prapapanich et al , 1996b . Several chaperone-associated proteins possess TPR regions and they may permit sequential exchange of factors during chaperone-mediated folding of protein substrates such as the steroid receptors (Frydman and Höh-feld 1997; Irmer and Hö hfeld 1997) .
Hip interacts transiently at the ATPase domain of Hsp70 when Hsp40 is also bound to the chaperone, but hip and Hsp40 remain separate (Prapapanich et al 1996b; Irmer and Hö hfeld 1997) . Binding between Hsp70 and hip is disrupted by ATP, elevated salt concentrations, and a group of competitive antagonistic effectors known as BAG proteins, which influence cell response to glucocorticoids (Kullmann et al 1998; Takayama et al 1999) . These proteins occur in phylogenetically distant organisms and they contain a conserved carboxy-terminal sequence of about 45 amino acid residues called the BAG domain (Gebauer et al 1998; Dolinski et al 1998; Takayama et al 1999) . BAG proteins bind to the ATPase site of Hsp70, and when in this position they inhibit protein folding, seemingly by preventing the ATP-dependent release of substrate from the chaperone (Bimston et al 1998) . Bag proteins have also been shown to down-regulate transactivation by the liganded glucocorticoid receptor, a nuclear function dependent on the motif (EEX4) which is repeated 8 times (Schneikert et al 1999) . The relative importance of BAG proteins in steroid receptor maturation is uncertain, but this may soon be resolved as more attention is given to these modulators of Hsp70 action.
Hip prevents the dissociation of ADP from Hsp70, and because Hsp70·ADP binds substrate more stably than does Hsp70·ATP, the interaction of steroid receptors with Hsp90 is enhanced if hip is present (Fig 2) Prapapanich et al 1996a Prapapanich et al , 1996b . In support of an early role, mutations to hip prevent progesterone receptor interaction with Hsp90 and hop; that is, they inhibit the formation of intermediate complexes (Prapapanich et al 1998) . For example, in rabbit reticulocyte lysate containing hip with both of its DPEV sequences modified to APAV, Hsp90 in progesterone receptor complexes decreases to background while Hsp70 increases (Prapapanich et al 1998) . It was proposed that hip allows hop (described next) to engage with Hsp70 in the presence of substrate, leading to intermediate complex formation. However, a recent report states that hip is not required in vitro to maintain hormone binding by receptors, although it should be noted that the proteins used in these assays were not completely pure (Kosano et al 1998) .
Based on immunoadsorption experiments (OwensGrillo et al 1996), the reaction between Hsp90 and Hsp70 depends upon hop, an idea consistent with the observation that each of these chaperones recognizes this protein Chen et al 1996) . Moreover, immunoprecipitation from several cell-free systems, including reticulocyte lysate supplemented with salt-stripped progesterone receptors, shows that an intermediate complex composed of Hsp90, Hsp70 and hop assembles before receptors mature Smith 1993) . In related work, the interaction between Sti1 (yeast homologue of hop) and Hsp82 (yeast homologue of Hsp90) was examined by gene deletion studies (Chang et al 1997) . Loss of Sti1 was not lethal, but it increased the amount of glucocorticoid receptor bound to Ydj1 (yeast homologue of Hsp40), suggesting an early role for hop in receptor maturation. Furthermore, Sti1 did not immunoprecipitate with Hsp90-associated immunophilins, a group of proteins discussed later in more detail. A collective interpretation of these data is that Sti1 has a transient function, a possibility supported by the work of Nair et al 1997, who describe a temporary association of hop with intermediate steroid receptor complexes.
The 3 copies of the TPR motif in hop that combine with Hsp70 are located within an amino-terminus ␣-helical site encompassing residues 480-640 (Ratajczak and Carrello 1996; Owens-Grillo et al 1996; Duina et al 1996; Chen et al 1996; Frydman and Hö hfeld 1997; Gebauer et al 1998) . The union of hop and Hsp70 is sterically hindered by mammalian Hap46, a BAG protein homologue that joins with the amino-terminal ATPase site of Hsp70, a region well separated from the hop binding domain (Gebauer et al 1998) . On the other hand, 5 to 8 centrally located TPR sequences in hop are recognized by the carboxy-terminal domain of Hsp90 (Chen et al 1996; Young et al 1998; Carrello et al 1999) , a reaction reduced by ATP binding to Hsp90 (Grenert et al 1999) . The presence of 2 TPR motifs implies that hop, a protein lacking chaperone activity in vitro (Freeman et al 1996; Bose et al 1996) , mediates receptor maturation by linking Hsp90 and Hsp70, a conclusion corroborated by the proposed role of hop in the folding of other target proteins (Bose et al 1996; Freeman et al 1996; Johnson et al 1998) . To further test this possibility, the TPR domains of hop that respectively bind Hsp70 and Hsp90 were individually mutated . Although the mutated hop failed to react with either chaperone in reticulocyte lysate, only Hsp90 association with progesterone receptor was prevented, indicating that hop integrates the activities of Hsp70 and Hsp90 once the receptor has bound Hsp70. Furthermore, Sti1 is a dimer in solution and it is likely to complex with Hsp90 in this form, thus occupying both TPR-recognition sites in an Hsp90 dimer (Rutherford and Zuker 1994) . Attachment of Sti1 changes Hsp90 conformation and inhibits its ATPase in a manner reversed by Cpr6, a yeast immunophilin. Titration of Hsp90-Sti1 complexes with geldanamycin indicates that Sti1 blocks access of ATP to Hsp90, perhaps through direct interaction with the nucleotide binding site (Prodromou et al 1999) . Displacement of Sti1 by Cpr6 thus allows ATP binding, which is important for the attachment of cochaperones such as p23 to Hsp90. Additionally, hydrolysis of the attached nucleotide is required for the folding of client proteins in mature complexes and their subsequent release. Thus, during polypeptide folding, Sti1 links Hsp70 and Hsp90, while influencing the ATPase activity of the latter chaperone such that it acts at the appropriate time during steroid receptor maturation.
p23 stabilizes receptor-chaperone complexes
Several different proteins are recovered when progesterone receptors in chick oviduct extract are purified with receptor-specific antibodies coupled to agarose (Smith et al 1990; Smith 1993 ). Among them is p23, which separates from receptors in a salt-dependent manner inhibited by molybdate. These findings represent the first time p23 was observed as part of a receptor complex, and subsequent immunological analyses disclosed relatively constant amounts of the protein in tissues from several organisms . Antibodies to p23 coprecipitated progesterone receptor, Hsp90 and Hsp70, a confirmation of results obtained with antireceptor antibodies . A cDNA for human p23 was characterized, yielding a deduced sequence of 160 amino acid residues enriched in aspartic acid at its carboxy terminus and 96.3% similar to this protein from chicken. p23 was shown, as a consequence of these studies, to be a highly acidic phosphoprotein lacking similarity to other known proteins .
A complex of Hsp90, immunophilins and p23 forms in rabbit reticulocyte lysate in the absence of steroid receptors, and these proteins also associate with receptors in a p23-dependent reaction Toft 1994, 1995) . Construction of p23-containing complexes in reticulocyte lysate, either possessing or lacking progesterone receptors, is sensitive to geldanamycin. Similarly, p23 does not interact with Hsp90 in yeast exposed to geldanamycin. Under these conditions glucocorticoid receptors fail to activate gene expression initially suggesting that p23 is required for receptor function, a possibility that was subsequently disproved (Bohen 1998) . Of significance to assembly dynamics, immunoadsorption from rabbit reticulocyte lysate with antibody to hop can yield a minimal complex without p23, indicating the latter functions at an intermediate stage in receptor maturation Toft 1994, 1995) . In later work, however, Owens-Grillo et al 1996, demonstrated that Hsp70, hop, Hsp56, CyP40, and p23 coprecipitate with Hsp90. It turns out that there is a site in Hsp90 for recognition of p23, and high affinity binding of p23 relies upon an ATP-induced conformational change in Hsp90 (Grenert et al 1999) . Release of p23 depends on ATP hydrolysis (Johnson and Toft 1995; Prodromou et al 1997; Fang et al 1998; Scheibel et al 1998; Obermann et al 1998) .
Other in vitro studies with rabbit reticulocyte lysate and with partially purified components (Kosano et al 1998) reveal that steroid-reactive glucocorticoid receptor·Hsp90 complexes assemble in the presence of Hsp90, Hsp70, Hsp40, hop, and p23. As part of this process, all of these factors except p23 organize into ''foldosomes,'' protein composites that convert receptors into the steroid-binding form by a mechanism dependent on ATP and K ϩ . The foldosome is somewhat of a functional concept, a protein assemblage varying in composition as associated receptors mature. As such, the idea of a foldosome can be misleading if understood solely as a specific assembly of proteins, but it is very useful as a visualization of chaperone action. Glucocorticoid receptor·Hsp90 complexes formed by foldosome action dissociate quickly unless p23 is present to prevent loss of the steroid recognition site. Stabilization occurs in an ATP-independent, dynamic fashion, but p23 is not absolutely required for maturation of steroid receptors. Consistent with this conclusion, genetic studies show that signaling proteins dependent on Hsp90 to attain their final conformation fold correctly when Sba1, the yeast equivalent of p23 (also called yhp23) is absent (Bohen 1998; Fang et al 1998) . A recent examination of the estrogen receptor in S cerevisiae extends these observations, indicating the presence of p23-independent and p23-dependent signal transduction pathways, the latter favored at low concentrations of estrogen receptor and estradiol (Knoblauch and Garabedian 1999) .
To summarize, receptors competent to bind steroids arise independent of p23, but it seems that p23 stabilizes heterocomplexes. Energy requirements relative to these functions require clarification because ATP, essential for binding of purified Hsp90 and p23, is not needed if Hsp90 is associated with a steroid receptor. Interestingly, p23 operates as an ATP-independent molecular chaperone (Freeman et al 1996; Bose et al 1996) ; it slows the inactivation of target proteins in vitro and may combine transiently with intermediates early in unfolding. The relationship, if any, between chaperone activity and stabilization of receptor complexes remains a potentially fruitful avenue for the study of p23 during maturation.
The immunophilins are constituents of mature steroid receptor complexes
The 2 major types of immunophilins, Hsp56 (FKBP52) and CyP40, are ubiquitous, highly conserved proteins that possess peptidylprolyl isomerase activity and engage immunosuppressive drugs. Representatives of the former, about 56 kDa in mass, comprise the FK506 and rapamycin binding class of immunophilins; the latter, with a molecular mass of 40 kDa, are cyclosporin A reactive. The immunophilins have weak affinity for receptor complexes, such that NaCl extraction and competition with CyP40 fragments housing 3 TPR repeats remove Hsp56, while Hsp90 and Hsp70 stay in place (Owens-Grillo et al 1995 , 1996 Nair et al 1997) . Attachment of Hsp56 and CyP40 to the carboxy terminus of Hsp90 is mediated by TPR domains and the union of immunophilins with receptor complexes is strengthened by molybdate (OwensGrillo et al 1995 (OwensGrillo et al , 1996 Young et al 1998; Carrello et al 1999) . Additionally, charged residues at the carboxy and amino ends of CyP40 and Hsp56, respectively, stabilize immunophilin interaction with Hsp90 (Ratajczak and Carrello 1996) .
CyP40 associates less effectively than Hsp56 with the glucocorticoid receptor·Hsp90 complex, yielding assemblages with either one or the other type of immunophilin, but not both (Owens-Grillo et al 1995 , 1996 Ratajczak and Carrello 1996) . Why a particular immunophilin occurs in a complex, and the physiological consequences of this differentiation, are uncertain. For example, because rabbit CyP40 binds more weakly to glucocorticoid receptor·Hsp90 complexes than does Hsp56, and is therefore present in small amounts, its role in receptor maturation has been questioned (Owens-Grillo et al 1996) . On the other hand, genetic evidence indicates that a yeast CyP40-type immunophilin, termed Cpr7, operates during Hsp90-dependent steroid receptor signal transduction (Duina et al 1996) . This was the first clear evidence that immunophilins of the CyP40 class mediate steroid receptor maturation, and because there is mechanistic conservation across phylogenetic boundaries, these immunophilins may have the same role in mammals. One interesting twist has arisen from characterization of FKBP51 (previously FKBP54) (Nair et al 1997) , a human immunophilin with a deduced amino acid sequence 55% identical to human Hsp56. In a reconstituted system, FKBP51 and Hsp56 react equally well with Hsp90, but in cell-free extracts, progesterone receptor complexes bind FKBP51 preferentially. Moreover, the reduced binding of hormone to squirrel monkey glucocorticoid receptor is a consequence of increased intracellular amounts of FKBP51 and its preferential association, as compared to FKBP52, with Hsp90 (Reynolds et al 1999) . These data demonstrate the potential for competition in vivo between similar immunophilins for target proteins.
In another development, effects arising from the loss of Cpr7 in S cerevisiae were suppressed by a protein termed Cns1 (Marsh et al 1998; Dolinski et al 1998) . The severe reduction in cell growth experienced when Cpr7 was eliminated, especially in conjunction with deletion of either Hsc82 or Sti1, disappeared upon synthesis of Cns1. Of equal relevance, Cns1 restored glucocorticoid receptor function in yeast lacking Cpr7, presumably binding to Hsp90, which exhibits Cpr7-dependent chaperone activity. Cns1 has homology to Sti1, the yeast equivalent to hop, and it contains 3 critical TPR motifs (Marsh et al 1998; Dolinski et al 1998) . The sequence similarities suggest that the actions of Cns1 and Sti1 overlap, explaining why yeast Sti1 is a dispensable protein. Indeed, Dolinski et al 1998, make the observation that several components in the yeast Hsp90 chaperone complex are duplicated. One protein in each pair is nonessential and heat inducible (Hsp82, Cpr6, Sti1), while the second protein is expressed constitutively and acts during normal growth (Hsc82, Cpr7, Cns1). When considered in this regard, some Hsp90 associated proteins perform under regular physiological conditions, whereas others are required in cells experiencing stress. Whether these subtle differences are detectable with the contemporary biochemical and genetic approaches employed to study receptor maturation is problematic, making incorrect functional assignment of chaperones during polypeptide folding a possibility.
What is the role of immunophilins in receptor maturation? They are unlikely to be necessary for either heterocomplex assembly or folding of the receptor hormone binding domain (Czar et al 1995) , although both Hsp56 and CyP40 have chaperone action in vitro independent of peptidylprolyl isomerase (Freeman et al 1996; Bose et al 1996) . Steroid receptor maturation also occurs in the absence of peptidylprolyl activity (Owens-Grillo et al 1995) . As an alternative, movement of steroid receptor complexes into nuclei may require immunophilins Czar et al 1995) , but this is controversial (Nair et al 1997) . Steroid receptors contain a positively charged nuclear localization signal of 8 amino acid residues (RKTKKKIK), and Hsp56 has a negatively charged complementary sequence (EDLTDDED). In a mechanism distinct from TPR-dependent Hsp90 binding, these sites may interact with one another, allowing Hsp56 to behave as a nuclear localization signal recognition protein (OwensGrillo et al 1996; Nair et al 1997) . Supporting this possibility, antibodies directed against the negatively charged amino-acid motif of Hsp56 prevent glucocorticoid receptor movement into the nucleus, a result obtained by localization of fluorescently tagged receptors. Conversely, inhibition of peptidylprolyl isomerase activity does not affect nuclear translocation, indicating this enzyme action is superfluous to receptor localization (Czar et al 1995) . In addition, much of the Hsp56 in cells localizes to nuclei, while the remainder is predominately associated with microtubules and the molecular motor dynein, consistent with the idea that immunophilins influence receptor movement (Czar et al 1994 (Czar et al , 1995 Owens-Grillo et al 1996) . Perhaps interaction with microtubules in the presence of hormone heralds a change in heterocomplexes from chaperoning structures to ''transportosomes.'' However, disruption of microtubules and microfilaments with colcemid and cytochalasin, respectively, has no effect on the partitioning of glucocorticoid receptors (Czar et al 1995) , indicating the need for more investigation of this process.
A model of chaperone function during steroid receptor maturation
Maturation of steroid receptors is a dynamic, highly cooperative series of events and several models, differing in detail but fundamentally similar, have evolved to describe this process. The model we develop (Fig 3) , has somewhat more emphasis on chaperone function than many previous models. However, like other models, it is influenced by the strengths and limitations of available data. For example, chaperones from mammals and yeast vary, even though these proteins are often interchangeable; thus information gained through work on one organism may not be completely representative of others. Several steroid receptors have been described and heterocomplex proteins may interact distinctly with each type, a difference amplified by the disparate quantities of molecular chaperones within cells. Results also vary when diverse experimental approaches are used to study steroid receptors from the same or similar organisms. For example, receptor heterocomplexes formed in rabbit reticulocyte lysate are not necessarily identical in composition and function to those reconstituted with purified proteins from the same source. Additionally, preparations of purified chaperones may include contaminating proteins that are difficult to detect, but sufficient in amount to confound experimental data. Another major consideration is nonspecific protein-protein binding; there is an absolute need to determine which of the reactions between chaperones, associated proteins, and receptors are physiologically significant, especially because many of these proteins are duplicated. Furthermore, there is a tendency in some reports to assume that all coprecipitating proteins are bound directly to the chaperone under study, but this is not always true. In spite of these problems, important steps on the path to understanding steroid receptor maturation have been achieved. Molecular chaperones and their associated proteins are clearly critical for steroid receptor activity, and while not all identified complex components are absolutely necessary for maturation, having the full complement of factors enhances efficiency. Moreover, mechanistic events of steroid receptor maturation undoubtedly apply to other proteins whose folding and translocation depend upon molecular chaperones, demonstrating the fundamental significance of these processes in the cell and the importance of their characterization.
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